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We study the chiral symmetry restoration using the generalized hidden local symmetry (GHLS) 
which incorporates the rho and Ai mesons as the gauge bosons of the GHLS and the pion as the 
Nambu-Goldstone boson consistently with the chiral symmetry of QCD. We show that a set of 
parameter relations, which ensures the first and second Weinberg sum rules, is invariant under the 
renormalization group evolution. Then, we found that the Weinberg sum rules together with the 
matching of the vector and axial-vector current correlators inevitably leads to the dropping masses 
of both rho and Ai mesons at the symmetry restoration point, and that the mass ratio as well as 
the mixing angle between the pion and Ai meson flows into one of three fixed points. 
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1. INTRODUCTION 

Changes of the hadron masses are indications of the 
chiral symmetry restoration occurring in hot and/or 
dense QCD Dropping masses of hadrons following 
the Brown-Rho (BR) scaling Q can be one of the most 
prominent candidates of the strong signal of the melting 
of the quark condensate (qq) which is the order parameter 
of the spontaneous chiral symmetry breaking. Especially, 
the dropping of the p meson mass according to the BR 
scaling satisfactorily explained Q the enhancement of di- 
electron mass spectra below the p/u; resonance observed 
at CERN SPS Q. 

The vector manifestation (VM) is the Wigner re- 
alization in which the p meson becomes massless degen- 
erate with the pion at the chiral phase transition point. 
The VM is formulated in the effective field theory (EFT) 
based on the hidden local symmetry (HLS) 111 the 

HLS theory we can perform the systematic chiral pertur- 
bation with the dynamical p meson included [MEIEIE]]- 
Furthermore, the matching to QCD a la Wilson com- 
bined with the renormalization group equations (RGEs) 
gives several physical predictions in remarkable agree- 
ment with experiments H ^3 ■ 

The formulation of the VM was done also in hot mat- 
ter 0] and in dense matter [l4|, and a compelling ev- 
idence of dropping mass recently comes from the mass 
shift of the u> meson in nuclei measured by the KEK-PS 
E325 Experiment [H and the CBELSA/TAPS Collabo- 
ration 16] and also from that of the p meson observed 
in the STAR experiment 0]. Since the VM formulated 
in the HLS theory provides a theoretical description of 
the dropping p mass which is protected by the existence 
of the fixed point (VM fixed point), we can study sev- 
eral other phenomena associated with the dropping p by 
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expanding the HLS theory around the VM fixed point: 
Large violation of the vector dominance of the pion elec- 
tromagnetic form factor should occur near the VM fixed 
point ll8j |. which plays an important role |l9j ] to explain 
the recent experimental data provided by NA60 L 2Q] ; The 
pion velocity near the restoration point is predicted as 
Vtt(T c ) = 0.83-0.99 1211, which seems to be consistent 
with value extracted [22j from the recent data from the 
STAR collaboration at RHIC [23|. 

In the VM, it was assumed that the axial-vector and 
scalar mesons are decoupled from the theory near the 
phase transition point. However, the masses of these 
mesons may decrease following the BR scaling. Actu- 
ally, recently in Ref. [24J, it was proposed to extend the 
VM to include axial-vector mesons for explaining the 
anomalous p° /ir~ ratio measured in peripheral collisions 
by STAR [25|. There were several analyses with mod- 
els including axial- vector mesons such as in Ref. |2r^ . 
These analyses are not based on the fixed point struc- 
ture and found no significant reduction of the masses of 
axial-vector meson. Then, it is desirable to construct an 
EFT which includes the axial-vector meson as a dynam- 
ical degree of freedom, and study whether a fixed point 
structure exists and it can realize the light axial-vector 
meson. 

There are several models which includes the axial- 
vector meson in addition to the pion and vector meson 
consistently with the chiral symmetry of QCD such as 
the "Massive Yang-Mills" field method [27|, the anti- 
symmetric tensor field method and the model based 
on the generalized hidden local symmetr y (G HLS) 
IH . These models are equivalent [^3>l33| at least tree- 
level on-shell amplitude is concerned. However, there are 
differences in the off-shell amplitude since the definitions 
of the off-shell fields are different in the models (see, e.g., 
Ref. Here we pick up the model based on the GHLS 
which is a natural extension of the HLS to include the 
axial- vector meson. 

In this paper, we first develop the chiral perturbation 
theory (ChPT) with GHLS, in which a systematic low- 
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energy expansion is possible even including the axial- 
vector meson in addition to the pseudoscalar and vec- 
tor mesons as a dynamical degree of freedom. Then, we 
make the matching of the vector and axial- vector current 
correlators with those obtained by the operator product 
expansion (OPE) in the energy region higher than the 
axial-vector meson mass to find that the resultant set of 
the parameter relations satisfies the pole saturated forms 
of the first and second Weinberg sum rules. Based on the 
RGEs in the Wilsonian sense obtained in the ChPT with 
GHLS, the set of the parameter relations is shown to be 
stable against the renormalization group evolution. 

We further study the fate of the axial-vector meson 
near the chiral restoration point, and found that the 
Weinberg sum rules together with the matching neces- 
sarily leads to the dropping masses of both vector and 
axial- vector mesons. Interestingly, the ratio of masses 
of vector and axial- vector mesons as well as the mixing 
between the pseudoscalar and axial-vector mesons flows 
into one of three fixed points: They exhibit the VM- 
like, Ginzburg-Landau-like and Hybrid-like patterns of 
the chiral symmetry restoration. 

This paper is organized as follows: 

In sectional we give a brief review on the GHLS. Con- 
struction of the ChPT with GHLS is done in section [3] 
In section we make the matching to derive a set of pa- 
rameter relations satisfying the pole saturated forms of 
the first and second Weinberg sum rules. This is shown 
to be stable against the renormalization group evolution. 
Section is devoted to study the phase structure of the 
GHLS with the Weinberg sum rules kept satisfied. We 
show that both p and A\ necessarily become massless at 
the phase transition point, and that the mass ratio flows 
into one of three fixed points. In section we discuss 
the relation of three classes of the fixed point to the chi- 
ral representation mixing. Finally in section [7| we give a 
brief summary and discussions. We show the quantiza- 
tion of the GHLS theory based on the background field 
gauge in Appendix ^ and several quantum corrections 
and RGEs in Appendix 151 



2. GENERALIZED HIDDEN LOCAL 
SYMMETRY 

The generalized hidden local symmetry (GHLS) is an 
cxtcntion of the hidden local symmetry (HLS), in which 
the axial- vector mesons as well as the vector mesons are 
introduced as the gauge bosons of the GHLS, in addi- 
tion to the pseudoscalar mesons as the Nambu-Goldstonc 
bosons associated with the spontaneous chiral symmetry 
breaking. In this section, we briefly review the GHLS 
following Refs. @, IH HJ • 



2.1. Lagrangian 

The GHLS La grcingiaii is biased on the Ggiobai ^ Giocai 
symmetry, where Global = [SU(N f ) L x 5 , t/(A^/)_ R ]gi ob ai 
is the chiral symmetry and Gi oca i = [SU(Nf)i, x 
SU(Nf)n]i oca \ is the GHLS. The whole symmetry 
Ggiobai x Giocai is spontaneously broken down to a flavor 
diagonal SU(Nf)v- The basic quantities are the GHLS 
gauge bosons and and three matrix valued vari- 
ables £l, £r and £m which are introduced as 

U = tU M tn, (2.1) 

where Nf x Nf special-unitary matrix U is a basic ingre- 
dient of the chiral perturbation theory (ChPT) |33ll34|. 
The transformation property of U under the chiral sym- 
metry is given by 

U^g L Ug R , (2.2) 

where g l and gn are the elements of the chiral symmetry, 
9l,r S it] global- The variables £s transform as 

(,l,r —> h L ^ R ■ £l >r ■ g L R , 
6/ -» h L • £m • h R , (2.3) 
with h L , R G [SU(N f ) L . 

r\ local ■ 

The GHLS gauge fields 

and transform as 

Lfj, — > ih L dh\ + tiLL/ih^ , 

R» -> ih R Oh R + h R R p h R . (2.4) 

The covariant derivatives of £l,r,m are given by 

D^l = d^ L - iL^ L + i^lC m , 

D^r = d^R - iR^R + i^RHfj. , 

D^m = d^M - iL^M + i^M^n , (2-5) 

where £ M and TZ^ are the external gauge fields introduced 
by gauging G g i bai symmetry. 

The fundamental objects are the Maurer-Cartan 1- 
forms defined by 

&L,R = D^L,R-tln/i, 

a M = D^ M ■ 4/(2i) , (2.6) 
which transform as 

& L,R h L,R & L,R h L,Ri 

"m -> h L a M h[ . (2.7) 

There are four independent terms, with the lowest deriva- 
tives, invariant under G g i bai x Gi oca i: 

£ v =F 2 tr[a ll ^] , 
C A = F 2 tr[a ±Al a^] , 
C M = F 2 tv[a M ^a M ] , 

C n = FHi[(a ±fl + a M »)(a'* x + & M )] , (2.8) 
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where F is the parameter carrying the mass dimension 
1 # 1 and &n j_ arc defined as 



= (Cm«^L±^)/2. 



(2.9) 



Another building block is the gauge field strength of 
the GHLS defined by 

L^i, = d^Lu — dyL^ — i \Lf_n £„] , 

R P u = d^R„ - d v R^ - i [R M , R v ] . (2.10) 

From these field strengths, the kinetic term of the gauge 
bosons are given by 

C kin (L^R^ = - -^[L^LT + R^R^] , (2.11) 

with g being the gauge coupling constant of the GHLS. 
Note that the parity invariance requires that there is only 
one gauge coupling. 

By combining the four terms in Eq. I|2.8[) together with 
the kinetic term of the gauge fields in Eq. 1)2.11(1 . the 
GHLS Lagrangian is given by 

C = aC v + bC A + cC M + d£« + £ kin (L M , R„) , (2.12) 

where a, b, c and d are dimensionless parameters to be 
determined by the underlying QCD. 



2.2. Particle Identification 

The symmetry breaking pattern of the GHLS is given 

as 

[SU(N f ) L x SU(N f ) R ] loca} 
x [SU(N f ) L x SU(N f ) R ] glohal 

SU(N f ) v , (2.13) 

which generates 3 x (N 2 — 1) massless Nambu-Goldstone 
(NG) bosons. 2 x (Nj - 1) of the NG bosons are ab- 
sorbed into the gauge bosons of the GHLS to give masses 
through the Higgs mechanism. (Nj — 1) NG bosons re- 
main as the massless particles, which we identify with 
the pseudoscalar mesons it (pion and its flavor part- 
ners). On the other hand, we identify the gauge bosons 
Vf,, = (Rfi + Lfj)/2 with the vector mesons denoted by p 
(p meson and its flavor partners) and = (R^ — L^)/2 
with the axial-vector mesons denoted as A\ {a\ meson 
and its flavor partners). 



In the following, we specify the 7r and would-be NG 
bosons absorbed into p and A\ by parameterizing ^l.r.m 
as 



J(<f>v-<P±) 



Cm = e~ 

Three 1-forms are expanded into 

off = - + v" + • 

= d>*(p ± - A" + A" + 
«m = ^^v + Atl + ■ ■ ■ > 



(2.14) 



(2.15) 



where the vector and axial-vector external gauge fields 



Vf,, and Afj, are defined as 

K = I + Cu) , Aa = I - Ca) • (2.16) 



The aCy term in the Lagrangian is expressed as 



aC v = Fg tr 
where 



F 2 = aF 2 



(2.17) 



(2.18) 



Then, the would-be NG boson absorbed into the longi- 
tudinal component of the is identified as 



o = F„ 



(2.19) 



The remaining three terms, bC A + cCm + dC^, are ex- 
pressed as 

bC A + cCm + d£„ 

= (b + d)F 2 tr[(d^ ± ) 2 ] 

+ (c + d)F 2 tr[(d^ p ) 2 ] +(b + c)F 2 tr[(^) 2 ] 
- 2bF 2 tr^fl^x] + 2aF 2 tr[A M <9^ p ] 
+ 2dF 2 tr[d^^d^ p ] +•■■ . 



(2.20) 



This can be further reduced into 
(bC A + cCm + dCn 



kin 



(b + c)F 2 tii(Ap + dc/ )q ) 2 ] 

'"' )F 2 tr[(d^) 



b + c 

where we define (j)^ and <j) q as 



(2.21) 



# 1 In Ref. ItI l29l FjH . each term has the pion decay constant F% 
as the coefficient by taking the proper normalization. In this 
paper, however, we introduce F just as a parameter which carries 
mass dimension 1. In the latter section, we will define F^ as the 
coupling strength to the broken current by dissolving the tt-Ai 
mixing. 



1 



The properly normalized fields are given by 



7T 



F„ 



(2.22) 



(2.23) 
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where F v is the it decay constant and F q is the decay 
constant of the would-be NG boson q. They are defined 
as 



where 



F 2 = {d + cQF 2 
F 2 = (b + c)F 2 , 



c 



b + c 



(2.24) 



(2.25) 



Let us introduce the p (p meson and its flavor partners) 
and A\ {a\ meson and its flavor partners) as 



A» = gA» . 



(2.26) 



Then, expanding the Lagrangian lj2.12|l in terms of the 
7T, Vn and A p fields taking the unitary gauge <j) q — 4> a = 
^ 2 , we find the following expressions for the masses 
of vector and axial- vector mesons M Pj Ai i the p-7 mixing 
strength g p # 3 and strength of the coupling of the Ai 
meson to the axial- vector current gA 1 '■ 



M p = gF a 
9p 



M Al = gF q , 
g Al = gbF 2 



(2.27) 



3.1. General Concept 

In the HLS theory, thanks to the gauge invariancc, it is 
possible to perform the derivative expansion systemati- 
cally. In this ChPT with HLS (See, for a review, Ref. 0), 
the vector meson mass is considered as small compared 
with the chiral symmetry breakin g sc ale A x , by assigning 
0{p) to the HLS gauge coupling El : 



9 ~ 0{p) 



(3.1) 



We adopt the same order assignment for both p and A\ 
mesons in the GHLS, i.e., m p ~ itia 1 ~ 0(p). Using the 
above counting rule, we can systematically incorporate 
the quantum corrections to several physical quantities. 

In the following, we examine the smallness of our ex- 
pansion parameter m^^/A^. Similarly to the smallness 
of m p /A x discussed in Ref. the smallness of the ex- 
pansion parameters m p ^ 1 /A- x ^ ^ can ^ e justified in a 
large number of colors N c of QCD as follows: In the large 
N c limit, the pion decay constant F n scales as \fW c which 
implies that A x scales as A x ~ 47rF T ~ y/Nc- On the 
other hand, the masses of vector and axial- vector mesons, 
m p .An do not scale with N c . So the ratios m 2 Ai /F 2 



scales as 1/N C , and becomes small in the large N c QCD: 



3. CHIRAL PERTURBATION THEORY WITH 
THE GHLS 

In this section, we construct the chiral perturbation 
theory (ChPT) based on the generalized hidden local 
symmetry (GHLS). 



L p,Ai 



1 

N, 



TT- < 1. 



(3.2) 



Thus we can perform the derivative expansion in the large 
N c limit, and extrapolate the results to the real-life QCD 
with N c = 3. 



3.2. One-loop Calculations 



* 2 When the gauge is fixed by taking £jy/ = 1 and £j; = ft = 
e tn / F T the A\ -tt mixing is dissolved afterwards, as shown in 
Rcfs. 7, 29, 30]. In this paper, on the other hand, we introduced 
7r field to eliminate the A\-ir mixing, and fixed the gauge to the 
unitary gauge by taking 

£,M = exp [2tf <^r] , 

£h = £l = exp [i(l - C)</V] • 

As emphasized in Refs. 0, |29| the above parameterization is 
converted into §m = 1 and in = (} L = e lw / F,r by the "gauge 
transformation" : 

9R=9 L = exp , 

as 

f M = 9L £m 9r = 1 1 
?fl = 9niR = > 
= 9l£,l = . 

# 3 The photon field A p for Nr = 3 is embedded into V p as 



V M = eA^Q, 



2/3 



'1/3 



-1/3 



Let us calculate the quantum corrections from the n, p 
and A\ meson loops to five leading-order parameters of 
the GHLS Lagrangian. We make the quantization using 
the background field gauge in 't Hooft-Fcynman gauge, 
which is summarized in Appendix lAl 

We would like to stress that it is important to include 
the quadratic divergences to obtain the RGEs in the 
Wilsonian sense. In this paper, following Refs. |9l ll2ll35| . 
we adopt the dimensional regularization and identify the 
quadratic divergences with the presence of poles of ul- 
traviolet origin at n — 2 [36|]. This can be done by the 
following replacement in the Feynman integrals: 



d n k 1 
i(27r) n ^fc2 ~ 

d k k^ky 
i(2n) n [-k 2 ] 2 



A 2 



(4tt) 2 ' 
A 2 



2(4tt) 



~9v-v ■ 



(3.3) 



On the other hand, the logarithmic divergence is identi- 
fied with the pole at n = 4: 



1 



with e being the coupling of the external gauge bosons. 



+ l^lnA 2 , 



(3.4) 
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where 



WEINBERG'S SUM RULES 



4 - n 



— 7s + ln(47r) , 



(3.5) 



with 7b being the Euler constant. 

In the following, we consider the two-point functions of 
V^-V", A^- A", A\-A" and A^-A u ± (see Appendix \K\ for 
definitions of the background fields), which we express as 
n^., n^^, II^" ^ , respectively. We divide each 
of these two-point functions into two parts as 

n""(p) = nV)<T + n iT (p 2 )( P V^M • (3.6) 

At the bare level, the relevant parts are expressed as 



n (barc)S _ 
yy u ba 



,F Z 



n 



(barc)LT _ 



V'V 
-Q(barc)S 

n 



^barc 



AA 

(bare) LT 



(6b 



zz bare 
2 



Cbare)-^ 



1 



AA 

(barc)S 

A±A ~ 
(barc)S 

Am Ax ~ 



? 7 LR 

2 ^bare > 

-?barc 



(3.7) 



where is the coefficient of 0(p 4 ) terms which pro- 
portional to tr L^mR^Zm * 4 - 

In Appendix [5J we list the diagrams contributing to 
IL IJjV at one-loop level and the quantum corrections from 
those diagrams (see Figs. 14171 and Eqs. (|B.3I) - (|B-6I) '). 
From Eq. I|3.7|l . we find that the divergences propor- 
tional to g 11 " in the two-point functions are renormalized 
by a b aro, 6barc, Cbaro and d ba rc and those proportional to 
(p 2 gV —p^p") are renormalized by gbaro and z^ c . Thus 
we require the following renormalization conditions: 



^barc 
-fri F 

^barc-^ 

F 2 

u barc 1 
1 



F 2 4- TT- - I 



^bare 



4- TT^ 

n s --\ 

11 AA\ di- 



ll 

1 

2 



A\dv 



(finite) , 
= (finite) , 



n s - -I 



(finite) . 



Am A _l 
LT 



(finite) , 



n 



VV\d\v 



n 



LT I 
AAldiv 



= (finite) . 



(3.8) 



From the above renormalization conditions, we obtain 
the renormalization group equations (RGEs) for the pa- 
rameters a, 6, c, d and the GHLS gauge coupling g, which 
are listed in Eqs. l|B~7)l - ijB.ll|) . 



Let us start with the axial-vector and vector current 
correlators defined by 

dW** (0|Tj£ a (:r)J 5 yO)|0) , 

d 4 x e**°(Q\TJ£(x)JS(0)\0) , (4.1) 



where Q 2 = —q 2 is the space-like momentum, Jt* a and 
J£ are the axial-vector and vector currents and (a, b) 

1 N 2 — 1 denotes the flavor index. At the leading 

order of the GHLS the current correlators G a,v are ex- 
pressed as 



G A (Q 2 ) 
G v (Q 2 ) 



F 2 



M 2 Al 



Q 2 



F 2 
p 



M 2 + Q2 . 

where the Ai and p decay constants are defined by 

2 b 2 „o 



(4.2) 



Fl = 



1 \M A J 



F 2 

p 



(If)' 



= aF 2 



(4.3) 



The same correlators are evaluated by the OPE as |36 



( ^,(OPE) / ^ 1 2 



M = ft? 



- 1 



ix J p. 



tt 2 (^G^G^) n 3 U08a s (qqY 



G 



v 



TT 2 (^G^G^) 



(OPE) 



3 


27 


Q 6 


H 




1 




7T t 





7T 3 896 a s (qq) 
T~27~ Q e 



(4.4) 



where y, is the renormalization scale of QCD. An impor- 
tant result obtained from the above forms is that the 
difference between two correlators scales as 1/Q 6 : 



g^ pe \q 2 ) - g[° pe) (q 2 ) = 



(4.5) 



* 4 Some of the possible 0(p 4 ) terms con trib uting to three- and four- 
point functions are listed in Refs. |7i |37| . A co mplete list of the 
anomalous terms at 0(p 4 ) is given in Ref. 133. 



Since the above forms of the correlators in the OPE 
are valid in the high energy region, we consider the differ- 
ence of the correlators in the GHLS in the energy region 
higher than the A\ meson mass, i.e., Q 2 ^> M\. In the 
high energy region, two correlators in the GHLS given in 
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Eq. H4.2fl are expanded as 



G A {Q 2 ) = 



Q 2 



Q 4 



Ga(Q 2 ) = t£ 



F 2 M 2 



F 2 M 4 



(4.6) 



From the above expressions, the difference of two corre- 
lators is given by 



G A (Q 2 ) - G V (Q 2 



F 2 + F 2 Ai -F 2 



F%Ml ~ F 2 M 2 | FlM\ t - FpMp 



Q 4 



Q 6 



(4.7) 



We require that the high energy behavior of the dif- 
ference between two correlators in the GHLS agrees with 
that in the OPE: G A {Q 2 ) ~ G V (Q 2 ) in the GHLS scales 
as 1/Q 6 . This requirement can be satisfied only if the 
following relations are satisfied: 



F 2 + F 2 1= F 2 , 
F 2 Al M 2 Ai =F 2 p M 2 p . 



(4.8) 



of the GHLS theory. When we take a = b and d = 0, the 
GHLS Lagrangian given in Eq. I|2.8[) is rewritten as 



+ b£ A - 
-8aF 2 tr 



cC M 4 



AcF 2 tr 



(4.14) 



When we further switch off the gauge coupling, the sym- 
metry of the Lagrangian becomes enhanced as G g i b a i x 

[Gglobal] 2 = [G global 

] 3 = [SU(N f ) L x SU(N f ) R ] 3 . This 
implies that three variables £l, £r and £m couple to 
each other only through the GHLS gauge bosons V p 
and A^, when the gauge coupling is switched on. This 
structure is gene rally refereed as the "theory space local- 
ity" pel Ell 1421 l43j |. From the above consideration, we 
see that, in the GHLS, the requirement of the Weinberg 
sum rules automatically leads to the "theory space local- 
ity" 0|- I n general cases, the "theory space locality" is 
satisfied only at tree level, since the enhanced symme- 
try is broken when the gauge coupling is switched on. 
However, our result of the stability of the relations a = b 
and d = implies that the "theory space locality" in the 
leading order Lagrangian is stable against the quantum 
correction at least at one-loop level. 



which are nothing but the pole saturated forms of the 
Weinberg first and second sum rules . In terms of the 
parameters of the GHLS Lagrangian, the above relations 
can be satisfied if we take 



a = 6, d = 0. 



(4.9) 



Now, let us study whether the above relations in 
Eq. (|4.9|) are stable against the quantum corrections. 
Taking a — b and d = in the RGEs for a, b and d 
shown in Eqs. (|B.8|) . (|B.9|I and (jB.10|l . we obtain 



/' 
H 

The first two RGEs lead to 



d{aF 2 ) 


N f r 


dfi 


(4tt) 2 I 


d{bF 2 ) 


Nf r 


dfi 


(4tt) 2 I 


d{dF 2 ) 


= 0. 


dfi 



/i 2 + 3ag 2 F 2 
/i 2 + 3a# 2 F 2 



d(a - b) 
/x^— -I =0. 



(4.10) 
(4.11) 
(4.12) 

(4.13) 



The RGEs in Eqs. l|4~T2T) and (|4~T3|) imply that the 
parameter relations a — b and d = are stable 
against the renormalization group evolution, i.e., the 
non-renormalization of the Weinberg sum rules expressed 
in terms of the leading order parameters in the GHLS. 

At the last of this section, we look into a set of the pa- 
rameter relations in Eq. I|4.9|l to the symmetry structure 



5. CHIRAL SYMMETRY RESTORATION 

In this section, we study the chiral phase transition 
keeping the first and second Weinberg sum rules in the 
GHLS. 

Equations l|4.5|) and l|4.7|l with the Weinberg sum rules 
(|4.8|) give the following matching condition in the high- 
energy region: 



FlA - F 2 p Ml 



= F 2 M 2 (M 2 Ai - M 2 ) 



327ra s 
9 



(5.1) 



which is a measure of the spontaneous chiral symmetry 
breaking. In terms of the parameters of the GHLS La- 
grangian this is expressed as 



a 2 ■ c ■ g 4 oc (qq) 2 . 



(5.2) 



When the chiral restoration point is approached, the 
quark condensate approaches zero: 



(qq) -> 0, 

This implies that the condition 



a 2 -c-g 4 -> 



(5.3) 



(5.4) 



is satisfied when the chiral symmetry is restored. From 
this condition we see that at least one parameter among 
a, c and g must go to zero at the chiral symmetry restora- 
tion point. 
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Let us first consider the possibility that the parameter 
a goes to zero at a high energy scale, say A: a(A) — > 0. 
The RGE for a given in Eq. (|4.10|> implies that a = 
is not a fixed point, and thus one cannot achieve the 
equality of the axial- vector and vector current correlator 
in the energy region below A which is required by the 
chiral symmetry restoration. To make the matters worse, 
the RGE for a leads to a(p) < for p < A, and M 2 p < 0, 
which is of course unacceptable. From these, we cannot 
take a — > 0. 

We next consider the possibility of c(A) — * 0. From 
Eq. (|B.9I) . the RGE for c in the case of a = b and d = 
is obtained as 



/'- 



d (cF 2 ) 
dp 



_Nf 

(47T) 



2p z + 6cg 2 F 2 



(5.5) 



We can easily see that c = is not a fixed point, which 
implies that the equality of two current correlators can- 
not be satisfied in the energy region below A even if 
we equate them at A. Furthermore, negative c leads to 
M^/M\ — a/(a + c) > 1, which is unacceptable, either. 
Thus c — * cannot be achieved at the restoration point. 
Finally, we study the possibility of g — > 0. From 
the RGE for 



Eq. (jRTTjl . 

reduced to 



with a = b and d = is 



p 



df_ 
dfi 



N f 43 



(47T) 



-9 



(5.6) 



which certainly has the fixed point at g — g* — 0. Then, 
the symmetry restoration in the GHLS can be realized 
only if the following condition is met: 
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0. 



(5.7) 



This condition implies the massless p and A\ mesons, 
since both masses are proportional to the gauge coupling 
g. # 5 Thus we conclude that, when we require the first 
and second Weinberg sum rules to be satisfied, the chiral 
symmetry restoration in the GHLS required through the 
matching to QCD can be realized with masses of p and 
A\ mesons vanishing at the restoration point: 



Mr, 



0, M Al 



0. 



(5.8) 



We next consider the fate of two parameters a (= b) 
and c. As we can see easily from Eq. <|5.1(1 or Eq. Q5.2p . 
matching of the GHLS to QCD does not provide any con- 
ditions for a and c other than g — > at the restoration 



# 5 This symmetry restoration is similar to the vector manifestation 
(VM) 5, 9], in which the massless p becomes the chiral partner 
of the pion. As is stressed for the VM in Ref. 0|, the symmetry 
restoration here should also be considered only as a limit with 
bare parameters approaching the fixed point: An enhancement 
of the global symmetry occurs when we take g = from the be- 
ginning. While for non-zero gauge coupling, even if it is very tiny, 
the global symmetry in the GHLS is only the chiral symmetry 
consistently with QCD. 



point. For a = b and d = the definitions of the param- 
eter C and the pion decay constant given in Eqs. (|2.24|) 
and H2.25[) are rewritten as 



Ft 



c = 



ac 
a + c 
a 



-F\ 



Ml 



a + c M 2 Ai 



(5.9) 
(5.10) 



From this, we see that the parameter £ plays an impor- 
tant role, which controls the fate of the ratio of p and 
A\ meson masses at the symmetry restoration. Below, 
we shall investigate the phase structure of the GHLS to 
see how the mass ratio C is determined at the symmetry 
restoration point and characterizes the possible patterns 
of chiral symmetry restoration governed by several fixed 
points. 

To study the phase structure of the GHLS through the 
RGEs for a, c and g, it is convenient to introduce the 
following dimensionless parameters associated with a, c 
and g: 



X(ji) 



Y(p) 



2(4tt) 2 a(n)F 2 
2(4tt) 2 c(p)F 2 



(5.11) 



In terms of X and Y, the order parameter F^ and the 
mass ratio ( are expressed as 

Nf u 2 

WM= KTTZTo. Z... =X(p) + Y(p), (5.12) 



C(p) = 



2(4tt)2 F 2 {h) 

Y(p) 
X(p) + Y(p) 



(5.13) 



The RGEs shown in Eqs. ifiTTO)! . lf53|) and ijol)|> are 

rewritten as 

p^- = 2A(1- X-3G), 
dp 

dY 

p— = 2Y(1 -2Y- 6G) , 
dp 



p 



dG _ 86 
dp 3 



G 



(5.14) 



From these RGEs we find that three non-trivial fixed 
points and one trivial fixed point. The trivial fixed point 
is given by 



(X*,Y*,G*) = (0,0,0). 
while non-trivial ones are 



(5.15) 



(X*,Y*,G*) = (1,0,0), 
(X*,Y*,G*) = (0,1/2,0), 
(X*,Y*,G*) = (1,1/2,0) . 



(5.16) 
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Y 




FIG. 1: Phase diagram on G = plane. Arrows on the flows 
are written from the ultraviolet to the infrared. Gray lines 
divide the broken phase (inside) and the symmetric phase 
(outside; cross-hatched area). Points denoted by A, • and ♦ 
express the fixed point (X, Y) = (0,1/2), (1,0) and (1,1/2) 
respectively. 

As we concluded above, the symmetry restoration can 
be realized only if we have G — ► at the restoration 
point. Since G = is the only fixed point of the RGE 
for G, we concentrate on the case with G = 0. In such 
a case, the RGE flows are confined on the X-Y plane. 
Furthermore, since both p and A\ mesons are massless, 
we can use the RGEs for X and Y all the way down 
to the low-energy limit, p = 0. Then, the phase of the 
GHLS is determined by the on-shcll pion decay constant 
F„(ij, = 0), or equivalently W defined in Eq. I|5.12|l . as 

W(fi = 0) = broken phase 

W(fi = 0) 7^ symmetric phase (5.17) 

We show the flow diagram in X-Y plane in Fig. ^ The 
phase boundary is specified by F 7T (Q) — which is real- 
ized at each fixed point listed in Eq. (|5.16(l . The fixed 
point A implies a(0) = and c(0) ^ 0, B entails a(0) ^ 
and c(0) = 0, and C gives us a(0) = c(0) = 0. We note 
that a(0) = and/or c(0) = are realized due to the 
quadratic running of the RGEs although the bare param- 
eters abare and Cbare are non-zero even at the restoration 
point. 

In order to clarify the implication of each fixed point, 
we map the phase diagram in the X-Y plane onto the 
(-W plane, which is shown in Fig. [2] Three fixed points 
(|5.16|) are turned into 

A: ((*,r) = (l,l/2), 

B: (CUT) = (0,1), 

C: (C,W*) = (1/3,3/2). (5.18) 

From this we can distinguish three patterns of the chiral 
symmetry restoration characterized by three fixed points 
by the values of the ratio of p and Ax meson masses 
expressed by ( as in Eq. (|5.1U|) as follows: At the fixed 
point A, £ goes to 1, which implies that the p meson 




FIG. 2: Phase diagram on (-W plane. Arrows on the flows are 
written from the ultraviolet to the infrared. Gray lines divide 
the broken phase (lower side) and the symmetric phase (up- 
per side; cross-hatched area). Points denoted by A, • and ♦ 
express the fixed point (C, W) = (1, 1/2), (0, 1) and (1/3, 3/2) 
respectively. 

mass degenerates into the A\ meson mass. We shall call 
this restoration pattern the Ginzburg-Landau (GL) type. 
At the fixed point B, on the other hand, the p meson 
becomes massless faster than the A\ meson since £ goes 
to zero. This can be called the vector manifestation (VM) 
type. The fixed point C is the ultraviolet fixed point in 
any direction, so that it is not so stable as to A and B. 
Nevertheless, if it is chosen, the mass ratio approaches to 
1/3 which we shall call the hybrid type. 

To summarize, we find that the chiral symmetry 
restoration in the GHLS required through the matching 
to QCD can be realized only if the masses of p and A\ 
mesons vanish at the restoration point: 

M p — > 0, M Al -► 0, (5.19) 

and that the ratio of these masses flows into one of the 
following three fixed points: 

GL-type : M 2 /M 2 A± -> 1, 
VM-type : M 2 p /M 2 Ai -> 0, 
Hybrid-type : M 2 p /M 2 Ai -> 1/3. (5.20) 

6. CHIRAL REPRESENTATION MIXING 

In this section, we discuss the relation of three classes 
of the fixed point studied in previous section to the chiral 
representation mixing. 

In the broken phase of the chiral symmetry, the eigen- 
states of the chiral representation under SU(Nj)l, x 
SU(Nf)n do not generally agree with the mass eigen- 
states due to the existence of the Nambu-Goldstone 
bosons, i.e., there exists a representation mixing. By 
extending the analysis done in Ref . 0, ^(J for two-flavor 
QCD, the scalar, pseudoscalar, longitudinal vector and 
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axial-vector mesons belong to the following representa- 
tions: 

\s) = \(N f ,N* f )®(N* f ,N f )), 

|tt) = |(jv>,jv;)e(Jv;,Jv»)Bin^ 

+ |(1, Nj - 1)®{N} -1,1)) cos V, 
\p) = \(l,Nj-l)®(Nj-l,l)), 
\Ai) = \(N f ,N* f )®(Nf,N f )) cosip 

-\(l,Nj-l)®(Nj-l,l))smiP, (6.1) 

where ip denotes the mixing angle. The value of ip for 
Nj — 2 is estimated as about ip ~ 45 . 

It can be expected that the above representation mix- 
ing is dissolved when the chiral symmetry is restored. 
From Eq. I|6.1[l . one can easily see that there are two 
possibilities for pattern of chiral symmetry restoration. 
One possible pattern is the case where cosip — > when 
we approach the critical point. In this case, the pion 
belongs to \(N f ,Nj) ® (Nt,Nf)) and becomes the chi- 
ral partner of the scalar meson. The longitudinal vec- 
tor and axial-vector mesons are in the same multiplet 
|(1, Nj-l)®(Nj-l, 1)). This is the standard Ginzburg- 
Landau (GL) scenario of the chiral symmetry restoration. 
Another possibility is the case where sin-0 — * when we 
approach the critical point. In this case, the pion belongs 
to pure |(1, Nj — 1) © (Nj — 1,1)) and its chiral partner is 
now the (longitudinal) vector meson. The scalar meson 
joins with the longitudinal part of the axial- vector meson 
in the same representation \ (N f , Nt)®(Nj, N f )). This is 
the vector manifestation ( VM) of chiral symmetry 0, [t| . 

Now we consider how the chiral representation mixing 
is expressed in the GHLS theory. When we take d = 
in the Lagrangian, there are no <p±-(p p mixing terms [see 
Eq. (|2.21|) ]. Then we take the normalizations of <p± and 
d>„ fields as follows: 



sentation mixing is determined as follows: 



h = ph 



(6.2) 



Since 7Tj_ is included in £l and £r and p is in 
we identify irj_ with the field belonging to the chiral 
representation (l,Nj — 1) (Nj — 1,1) and p with 
(Nf,N*) © (Nj,Nf) according to the transformation 
properties of £l, £r and £m- Using Eqs. (|2.22jl and Ij2.24jl . 
we rewrite tt and q in terms of n± and p as 



(6.3) 



We compare the above expression to Eq. (|6.1(l and obtain 
that the chiral representation mixing angle is related to 
the mass ratio £ as 



COS Ip = y/l — ( . 



sin 



(6.4) 



Then, from three fixed points l|5.18|l of the GHLS at the 
symmetry restoration point, the fate of the chiral repre- 



GL-type : cos ip 
VM-type : sin ip 
Hybrid-type : 

sinip — s 



3 ' 



0, 
0, 

cosip 



(6.5) 



7. SUMMARY AND DISCUSSIONS 

In this paper, we developed the chiral perturbation 
theory (ChPT) with the generalized hidden local sym- 
metry (GHLS) as an effective field theory (EFT) of QCD 
for pions, vector and axial-vector mesons. We showed 
that the first and second Weinberg sum rules expressed 
in terms of the leading order parameters, which is re- 
quired by the equality of the high-energy behaviors of 
the current correlators of the GHLS to the ones in QCD, 
can be satisfied by a special parameter choice, a = b 
and d = 0, corresponding to the theory space locality. 
Our analysis using the one-loop RGEs provides that this 
parameter choice is stable against the RG evolution, i.e., 
the non-renormalization of the Weinberg sum rules in the 
GHLS: The completion of the sum rules at the bare level 
is kept even at quantum level. 

With the set of parameters corresponding to the Wein- 
berg sum rules, we investigated the phase structure of the 
GHLS theory. We found that both p and A\ meson be- 
come massless at the chiral phase transition point, which 
is protected by the fact that the GHLS gauge coupling 
constant g goes to zero as the only fixed point of the RGE 
for g: 



0, M Al 



0. 



(7.1) 



At the critical point, there exist three fixed points of 
the RGEs for a and c and each of them is associated 
with one of the following patterns of the chiral symme- 
try restoration: the Ginzburg-Landau (GL), the vector 
manifestation (VM) and the hybrid type. Those classes 
of the chiral symmetry restoration are characterized by 
the mass ratio, or equivalently the chiral representation 
mixing angle, as 




Hybrid-type 



cos ip — > , 

M* p /Ml - 
sin ip — » , 

sinip — > 



1 



0, 



1/3. 



(7.2) 



Here we study the fate of the vector dominance (VD) 
of the electromagnetic form factor of the pion [4?J at 
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(a) (b) 



FIG. 3: Leading contributions to the electromagnetic form 
factor of the pion. (a) direct jmr and (b) 'ymr mediated by 
p-meson exchange. 

the chiral symmetry restoration. The direct photon-7T-7r 
coupling 5 77r7r is given by 

27- = l-^§|(W 2 ). (7.3) 
When a — b and d = are taken, this becomes 

07**= (1-0/2. (7.4) 

We show the leading contributions to the pion form fac- 
tor in Fig. |3J The VD is characterized by the direct jirir 
being zero. Three classes of the chiral symmetry restora- 
tion give us the following results on the VD: 

GL-type : g 7ir7r — > , 
VM-type : g in7r -»■ - , 

Hybrid-type : g 1 ^ -> - . (7.5) 

In the GL-type C goes to 1, then the direct jnir goes 
to zero, which implies that the VD is sufficient. On the 
other hand, in the VM-type the direct jnn approaches 
1/2, i.e., the VD is violated by 50%, similarly to the case 
of the VM [1 [7J|. The hybrid type also gives about 
33% violation of the VD since the direct jirir comes to 
be 1/3. This strongly affects to the understanding of 
the experimental data on dilepton productions based on 
the dropping p as recently pointed out in Ref. 0. An 
analysis of the spectral functions taking into account of 
the large violation of the VD is much interesting. 
Several comments are in order: 

In this paper, we studied the chiral phase transi- 
tion with the first and second Weinberg sum rules kept 
satisfied. Near the chiral restoration point in QCD 
with a large number of massless flavors (the large Nf 
QCD 0HE3)j the anomalous dimension 7m of (qq) be- 
comes close to 1, 7, n ~ 1. (See, e.g., Refs. H^HTj.) This 
results that the term proportional to (qq) 2 in the current 
correlators behaves as ~ l/Q 4 [Hl| , and hence the second 
Weinberg sum rule is not satisfied. Thus, the condition 
in Eq. (|5.1|) is not appropriate for studying the chiral 
symmetry restoration in the large Nt QCD. 

For studying the chiral phase transition at finite tem- 
perature using the GHLS, which is relevant to the RHIC 
experiment, we have to work explicitly under the ex- 
istence of hot matter as done for the HLS/VM in 



Refs. [3111 El. Since a typical energy scale character- 
izing the chiral symmetry restoration, T ~ 180 MeV, is 
much smaller than the momentum scale Q 2 in the OPE, 
we expect that the first and second Weinberg sum rules 
hold near the chiral phase transition point at finite tem- 
perature, and that the matching condition in Eq. I|5.1I) 
is applicable. Then, when the analysis in this paper is 
applicable to the chiral phase transition at finite temper- 
ature, we expect that the matching will produce the tem- 
perature dependence of the GHLS gauge coupling similar 
to the one of the HLS gauge coupling (intrinsic temper- 
ature dependence), which was essential to describe the 
dropping p occurring in the VM, and that the dropping 
p and Ai masses are suitably described within the GHLS. 

In the GHLS sector, the theory space locality is bro- 
ken due to C(p 4 ) terms and we do not have the non- 
renormalization of the second Weinberg sum rule at one- 
loop. The relation between the higher order terms which 
generate a violation of the sum rule and the chiral sym- 
metry restoration will be elucidated by forthcoming anal- 
ysis. 

In the case of the HLS, the extrapolation of the ChPT 
from large N c QCD to the real-life QCD together with the 
Wilsonian matching reproduces several physical quanti- 
ties in remarkable agreement with experiments 0, Il2| . 
The GHLS at the leading order with a suitable parameter 
choice was shown 0,H3 to explain several phenomenolog- 
ical facts such as the successful current algebra relations 
m 2 Ai = 2m 2 and g& 1 = g p [HE^]- Furthermore, inclu- 
sion of appropriate higher order terms gives predictions 
on the widths of A\ — > jm and A\ — > jtt in good agree- 
ment with experiments |fl.l30|. Then, we believe that the 
ChPT with GHLS incorporated by a suitable matching 
procedure will describe the low-energy phenomenology of 
real-life QCD. In the present analysis, we focused on the 
phase structure of the GHLS theory. It is interesting to 
study the physical quantities such as the p-ir-ir coupling 
and p-7 mixing through the matching procedure based 
on the ChPT with GHLS developed in this paper. We 
leave the analysis in the future publications. 

One might think that the scalar mesons should be in- 
cluded, since several analysis |5^| shows that they are 
lighter than the vector mesons in real-life QCD. For ex- 
ample, the analysis in Ref. 54j shows that the mass of 
sigma meson is about 560 MeV, which is definitely lighter 
than the p meson, m p = 770 MeV. In this paper, we did 
not include scalar meson as a dynamical degree of free- 
dom, assuming that the light a meson is made of two 
quarks and two anti-quarks [55l l56| and irrelevant to the 
present analysis. It is possible that another scalar meson 
made of qq will appear quite near the chiral restoration 
point and we may have to take the effects into account. 
Inclusion of the light scalar meson quite near the critical 
point may generate the quadratic divergence and change 
the present RGEs. 
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Note added 

After the completion of this work, we were aware of a 
similar analysis by Hidaka, Morimatsu and Ohtani pS7j . 



APPENDIX A: BACKGROUND FIELD GAUGE 

In this appendix, we perform the quantization of the 
GHLS theory in the background field gauge. 

In order that the combinations (4> R ± 0l)/2 belong to 
the parity-eigenstates, we insert a local symmetry H' = 
[SU(Nf)v] local by dividing £m into two parts as 

£m = (ml ' (mr ■ (A.l) 
Two variables (ml and (mr transform as 
(ml -> h'(MLh\ , 

(mr -» h'^ MR h R , (A.2) 

where hi £ [SU(Nf)v]ioca\- Accordingly we introduce 
the background fields £ and the quantum fields £ as 

(l = ( pL (l(pl(l , 

(r = (Ir(r(pr(r > 

(m = (IJm( p r ■ (A.3) 

The transformation properties of £ and £ are given by 



(l- 


> h L £,Lg[ , 


(r- 


-> h R £ R g R , 




(pL " 


- h'( pL h L , 


(pR ~ 


■* h'l pR h R , 




(l- 


♦ h'i L h« , 


(r- 






£m - 








(A.4) 



Then all the quantum fields transform homogeneously 
under the background gauge transformation: 



(-7T, (J, (?) — > /l'(7T, <7, <?)/l • 



(A.5) 



The background and quantum fields of the GHLS gauge 
bosons are introduced as follows: 



Lf_ L — Lfj, + g( pL Lfj,^ P L , 
Rfi = Rfi + 9( P RRfi(pR 



(A.6) 



^ -> h R R^h R + ih R dfj,h R , 



(A.7) 



The covariant derivatives acting on £ and £ are expressed 
as 



D^l = d^ L - iL^Il + i(l£h 
Dm-(r = d n(R ~ iR fi(R + i^rK/i 
Dfj,(pL = d^pL - iV^pL + ilpL^iL 
D^lpR. = d^pR - iV^lpR + i^pRRfi , 

D,j,(l,R,M = dfj,(L,R 



R,M 



(A. 



where is the background gauge field corresponding to 
the H' symmetry. 

It is convenient to define the back ground fields asso- 
ciated with the external gauge fields as follows: 



vt? = — 



( P Rd^R-e R e pR + (pLd^ L -(l(l L 

t ft PlVC, . ft t+ 



1 

2i 



(prZrK^pr - SplZlC&Ql 



(A.9) 



Furthermore, we use 
2 



(pRR^pR + ^pL^pCpL 



and 



* M 



AH 



l r 
Yi 
l r 

2? 



d^pR-(t R -d%L-e pL 
We fix the background field gauge as 



(All) 



(A.12) 



where a is the gauge fixing parameter, and Fy and Fa 
are defined as 

F v = D»% + agF 2 J a + i [V'» -V" - V M , %] 

F A = D»K ~ agF^ q + i [V'" -V» - V M , i M ] 

-*[A" + ^ > V M ] , (A. 13) 
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with D M denoting the covariant derivative in terms of the 
background fields: 



D li A tf = d ll A v -i\y^A v ]. 



(A.14) 



by 



The FP ghost Lagrangian associated with £gf is given 



C V {D^D"C V + ag 2 F*C v 
i^y'M VjHf, C v ] - i[A» + A%, C A ]) } 



2itr 



2tr 



C A {D^C A + ag 2 F*C A 
i[V'* -V"- v&, C A \ - + Cv}) } 

{ p>M <7 V ] + [A* + A%,C A ] } 

-i[A» + A&,C A ]}' 
{ [V'» - f - C A ] + [A» + Al^ Cv] } 

■.{DpCA-iiy" 1 - v" - V&,c A ] 



2tr 



i[A^+A^,C v }] 



(A.15) 



where ellipses stand for the terms including at least three 
quantum fields. 

Finally, we should eliminate the redundant H' symme- 
try. This can be done by relating to other background 
fields. In this paper we take 

V'" = V^ + V" . (A. 16) 

and set £ p l — £ p r = £p. We should note that the 
background field appears only in Cqp + £pp given 
in Eqs. (|A.12|I and l|A.15|) . and is not included in the 
Lagrangian in Eq. I|2.12[) . 



(a) 



(e) 



(b) 



(0 




(c) 



(g) 



(k) 



(d) 





(1) 



(P) 




(q) 




FIG. 4: Diagrams for contributions to at one loop. The 
circle (o) denotes the momentum-independent vertex and the 
dot (•) denotes the momentum-dependent vertex. 



We take into account the quadratic as well as the loga- 
rithmic divergences following Eqs. and l|H.4jl . which 
preserve the chiral symmetry Here we summarize the 
divergent parts of the above Feynman integrals: 



APPENDIX B: QUANTUM CORRECTIONS A - ^ Af2 1ti a 2 

MM)\ div - J^-J^2 In A , 

In this appendix, we list the quantum corrections to Bo(p- M\ M>i)\ — - In A 2 

the two-point functions and the RGEs at one loop. In the ^w,-i,- a , l<Uv - ^ > 

present analysis, we adopt the 't Hooft-Feynman gauge w h '(„■ m. Mo)\ 
by taking a = 1 in Eqs. I|A.12|) and i|A.15|) . ^ 

For expressing the quantum corrections in simple forms = — g^ v — — [2A 2 — (M 2 + M\ ) In A 2 ] 



it is convenient to define the following Feynman integrals: 



(4tt) 5 



MM) = ] i(2n)*MZ-k* > 3(47F) 

B {p;M 1 ,M 2 ) 

d n k 1 



i{2ttY [Ml - fc 2 ][Af 2 - {k - p) 2 } 
B^(p;M 1 ,M 2 ) 

d n k (2k~pY(2k-py 



(B.l) 



i(27r) 4 [M 2 — fc 2 ][Af| — (fc — p) 2 ] ' The quantum corrections to generated by the 
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loop diagrams shown in Fig. 0] are given by 



(a) 



(b) 



(0 



(d) 




(g) 



A 
C A 



V 

(h) C v 



N 



f 



vv 



n 



VV 



n 



VV 



—B^{p;M p ,M p ), 

N f / F \ 4 
"8 



ffe) « 2 (W) 2 (i + C) 2 ^feo,o), 

A/, / F \ 4 

-g{y) [a-2(b + c)fB^{p;M Al ,M Al ] 



(i) 



(m) 



(n) 



C v C A 
(k) v (1) v 
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-—- J (aC-6) 2 B^(p;M Al ,0), FIG. 5: Diagrams for contributions to 11^ at one loop. 
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Fig. We obtain the quantum corrections as 
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(B.4) 



where n denotes the dimension of the spacetime. We 

show the one-loop diagrams to contribute to II^ j in From the diagrams shown in Fig. we obtain 
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e q 



(0 



(g) 



(h) 



FIG. 6: Diagrams for contributions to ilj" t at one loop. 
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FIG. 7: Diagrams for contributions to TL^ z at one loop. 
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(B.5) 



Finally we list the quantum corrections contributing to 



The quadratic and logarithmic divergences generated by 
those diagrams are renormalized following Eq. Ij3.8|l . 

The renormalization group equations (RGEs) for the 
leading order parameters (a, b, c, d and g) take the follow- 
ing forms: 
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(B.7) 
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where fi denotes a renormalization scale. 



When we take the parameter choice satisfying a = b 
and d — 0, the RGEs are reduced to 
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